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Introduction 

In the past two and a half decades,   extensive investigations 

have been conducted on the theoretical and experimental problems of 

two-dimensional,   self-similar,   supersonic turbulent mixing layer. 

Many experimental investigations were made in the mixing region of 

jet and limited to the measurements of mean velocity profiles and growth 

rates of the turbulent mixing layer.    These experiments were summarized 

by Maydew and Reed,   '   Two-dimensional mixing layers in wind tunnels 

(2) (3) were investigated by Roshko and Thomke*     and by Sirieix and Solignac. 

General conclusions of these investigations were that the spreading rate 

(and hence the mass entrainment rate) decreases with increasing Mach 

number and that the velocity profile can be reduced to the incompressible 

form when the lateral coordinate is scaled with the mixing-layer thickness 

(Mach number dependent). 

On the other hand, the investigate r of the two-dimensional,   super- 

(4) sonic turbulent boundary layer with a massive injection of air by Fernandez1 

revealed that a different scaling law,   namely,  the Howarth-Dorodnitsyn 

integral transformation, wis required to reduce the supersonic velocity 

profile to the incompressible form.    When the integral scaling law was 

applied,  the mass entrainment rate of the turbulent mixing layer was found 

invariant with Mach number,   contrary to tht findings of the former inves- 

tigators.    The two-dimensionality and the effect of the flow in the low-speed 

region of the former experiments were questioned by Fernandez in order 

to explain the observed differences. 

The present investigation       of the two-dimensional,   self-similar, 

supersonic turbulent mixing-layer structure, the investigation includes 

the measurement of the streamwise component of the fluctuation fields. 

1 
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Description of Experiment 

Wind Tunnel and Test Model 

The experiments were conducted in the supersonic wind tunnel 

of the Graduate Aeronautical Laboratories,   California Institute of Tech- 

nology (GALCIT) with the nominal operational conditions of M   = 2.47 

(± 0. 02),  p    = 735 mm Hg (± 5 mm Hg),  T    = 270C (± 30C) and Reynolds 
5 

number per inch of 2. 3 x 10 .   The velocity and pressure fluctuations, 

measured in the undisturbed flow upstream of the step,  were found to be 

0,2^ of freestrtam velocity and 0.1^ of dynamic pressure,  respectively. 

The wind tunnel is of the continuously-running type with closed circuit. 

which made the detailed survey of turbulent mixing layer possible. 

The unique setup was employed in the present experiment in order 

to produce an ideal constant-pressure supersonic mixing layer with minimal 

interferences in the downstream of the rearward facing step.   This condition 

was established by modifying the wind-tunnel test section as shown in 

Fig.  1.   A stainless 3teel porous plate (0.25 x 2.00 x 8.00 with 10 micron 

grain size porosity) was installed at the bottom wall behind the step of the 

half nozzle block.    A controlled amount of air was injected uniformly into 

the base region through the porous plate until pressure levels between the 

upstream and the base region become equalized,   so that a flow free of 

shock or expansion at the step corner was created.    Precise measurement 

of mass entrainment at the lower boundary of the mixing layer was also 

made possible with the present arrangement.    The uniformity of injection 

through the porous plate was investigated under the pressure level of the 

actual test condition and the data obtained by a   hot-wire probe are shown 

in Fig.  2   Spanwise survey showed jet-like flow directing toward both edges 

caused by pressure gradient which was subsequently eliminated by the 

fences installed on both sides of the porous plate. 

2 
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Unfavorable pressure gradient induced by an abrupt termination 

of injection at the end of the plate (x = 8, 00 inches) was eliminated by 

installation of the precisely contoured block simulating the streamline 

downstream of the injection plate.    Boundary layer over the half nozzle 

block was tripped upstream of the throat to produce a fully developed 

turbulence.    The surveys were made in a region of 1. 0 inch upstream to 

9.75 inches downstream of the step corner (-100 5 x/9    ^ 975).    The 

relative positions of vertical and horizontal traverses were measured 

accurate to within 0. 002 inch. 

Mean Flow Measurements 

Distributions of mean flow properties were measured by the con- 

ventional Pitot and static pressure probes.    In order to monitor the uni- 

formity of the flow field during the test,   one of the side fences was instru- 

mented with rows of 40 static pressure taps.    Velocity,   Mach number, 

density profiles and integral quantities were computed by the Pitot-Rayleigh 

formula with constant total temperature assumption across the mixing layer. 

Total temperature deviation of ± 2$ of the mean value was measured with 

hot-wire operating as a resistance thermometer.    The net total energy 

flux was integrated to be zero across the shear layer. 

Fluctuation Flow Field Measurements 

Turbulent fluctuations of the streamwise component were measured 

by the Shapiro-Edward constant-cur rent hot-wire anemometer.    Hot-wire 

probes were made of 0.00005 inch diameter platinum - 10^ wire with length 

to diameter ratio of 120 to 200.    In order to account for the attenuation of 

amplifier response at high frequency and the thermal  lag response of wire 

to the fluctuation flow field,   power spectral density distributions of tur- 

bulent fields were measured by the Tektronix Spectrum Analyzer Type 

1L5,  and the turbulent intensities were then determined by integrating 

3 



the spectral distributions with application of appropriate corrections. 

The magnitudes of mass flux and total temperature fluctuations were 

computed by the Morkovin's curve fitting technique described by Gran/ 

"Velocity and static-temperature fluctuation intensities within the mixing 

(7) layer were ca;ci;ated bu Kistler's method/  ' derived for the supersonic 

turbulence,  extended into the subsonic regime with an assumption that 

pressure fluctuations have negligible contribution compared with vorticity 

and entropy fluctuations. 

Crosscorrelation measurements of two hot-wire   signals,  arranged 

tandemly along the rays of constant velocity,  were made to determine the 

convection velocity profiles.    Th'- measurements were taken in real time 

as the signals were processed with the SAICOR Correlation and Probability 

Analyzer (Model SAI 43A) during the experiment.    Detailed descriptions of 

test and data reduction procedures are given in Ref,  5. 

Results and Discussion 

Preliminary Mean Flow Measurements 

Preliminary investigations of the supersonic turbulent free mixing 

layer behind a rearward-facint step were conducted to delineate the nature 

of the flow field.    The porous bottom wall through which air is injected 

was positioned at two heights of 1. 0 and 0. 5 inch below the surface of the 

upstream block.    The streamline block was not used. 

With h = 1,0 inch,  the injection rate of 0.01 was required to bring 

the mixing layer straight out.   The static pressure distribution was con- 

stant from the corner to the station x = 5.0 and it was followed by a 

decrease in pressure,  resulting in about 20^ pressure drop at the end 

of the injection plate.    The flow was found self-similar in the region of 

constant pressure.    The growth rate of momentum thickness (d9/dx) 



computed from the velocity profile was 0. 007,   less than the actual 

injection rate. 

With the porous wall positioned at h = 0. 5 inch, the actual in- 

jection of X    =0, 0068 was required to establish the self-similar flow in e 

the same region.    The pressure was constant up to x = 4. 0 and the positive 

pressure gradient was noted beyond this station.    The velocity distribution 

and d9/dx were identical with the h = 1. 0 inch case in the constant pres- 

sure region indicating that the scale of turbulent free mixing layer is 

independent of the step height».   The influence of the step height was found 

to be introduced by the flow interaction between the lower edge of the mixing 

layer and the bottom wall.    The observations suggested that the ideal con- 

dition may be established by tailoring the wall shape beyond the termi- 

nation of injection,   which led to the design of the streamline block.   The 

important finding of the preliminary test was that the entrainment of the 

supersonic TFML in the nearly constant pressure region was much lower 

than the incompressible TFML of Liepmann and Laufer/ 

Mean Flow Data 

The self similarity of two-dimensional turbulent mixing layer with 

zero pressure gradient must satisfy two criteria; thr- spreading of the 

mixing layer grows linearly with streamwise distance (x) and the mass 

entrainment rate through the lower boundary of the mixing layer equals 

the growth rate of momentum thickness (\    = d9/dx). 

The self-similar flow of the present investigation was established 

approximately 275 9    downstream of the step.    The comparison of the 

normalized velocity profiles taken over the range of 375 9   to 975 6    is 

shown in Fig.   3.    The velocity profiles,  normalized with the momentum 

thickness and matched at the dividing streamline,   collapsed to a single 



curve.    The profile taken at x/B   = 975,   measured over the streamline o 

block,  rva» normalized with the effective TFML momentum thickness 

computed at this station.    Under this normalization, the profile matched 

with the other TFML profiles, except near the wall where the redevelop- 

ment of boundary layer was displayed.    The conclusive evidence of the 

s elf-similarity is observed in the map of velocity field shown in Fig.  4. 

The linear growth of mixing layer is evident beyond x = 2. 75 inches and 

the virtual origin is determined at the convergence point of the constant- 

velocity lines.    Initial turbulent boundary layer with thickness of about 

0, 135 inch was formed at just upstream of the step corner.    The corre- 

sponding initial momentum thickness was approximately 0. 01 inch and the 

presence of finite boundary layer delayed the development of self similar 

TFML.    The significance of supersonic TFML is that the spreading rate 

was found to be smaller than that for the incompressible flow case.    The 

spreading rate (dy/dx) computed between the velocity ratio (u/u  ) of 0. I 

to 0. 9 were approximately 0. 064 for M   s; 2. 47 flow and 0. 16 for the 

(S) incompressible flow.        The conventional spreading parameter,   o,  was 

found to lie between 27 and 29. 

The correlation of the momentum thickness growth rate and the 

mass entrainment rate was established experimentally, thereby verifying 

that the mixing layer of this investigation was two-dimensional and self- 

similar.    The mass entrainment rate was determined by dividing the 

measured total injected mass by the injection plate area and the free- 

stream mass flux,  i.e.,    X    = m.^^/A-u    = p   v   /p u .    The measured e ACT     K e      rw w   re  e 

mass entrainment rate was found approximately 0.0073.    The comparison 

between the measured X    and the development of momentum thickness is 

shown in Fig.  5.    The momentum thickness shows the linear growth 

beyond X = 2. 75 inches,  and the slope of the momentum thickness 



•''•mmrnvtmnm-vimmmK,:*- ■    ■   ■■          r „ .,,^„„rr**mmrm***>wnmwtm 

distribution is 0.0071 s d0/dx < 0.0075 within the experimental accuracy. 

The equality of two slopes,   9-distribution and mass entrainment distri- 

bution, established the relation,   X   = d9/dx.    Note that the growth rate 

of momentum thickness of M    = 2.47 flow is also appreciably smaller 

and it was found to be approximately one-fifth of the incompressible 

value (de/dx = 0. 0073 versus d9/dx = 0. 035). 

In order to compare the velocity profiles of supersonic and in- 

compressible TFML,  the velocity profile was normalized by using the 

two previously suggested scaling laws.    The velocity profile comparison 

(4) is shown in Fig.  6.    The integral transformation suggested by Fernandez* 

is not satisfactory to the flow of the present investigation; there is too much 

contraction in the subsonic region but very little scaling effect is noted in 

the supersonic region.    On the other hand,   an excellent matching of two 

profiles was observed by the linear scaling.    This finding suggests that a 

universal velocity for the turbulent free mixing layer flow may exist.    Of 

course, this observation must be substantiated by further experiments in 

the higher Mach number,   preferably M    2 5. 0. 
(2) 

Scaling of supersonic TFML was examined by many investigators1 

in order to correlate the scaling parameter with physically measurable 

properties such as density ratio.  Mach number,  etc.    They have shown 

that the spreading parameter can be represented by the density ratio across 

the layer,   although the exact nature of the relation has not been firmly 

(9) established.    Brown and Roshko      found in the experiment of hetergeneous 

gas (binary-incompressible) mixing that the spreading parameter did not 

vary with the density ratio as much as supersonic flow did with the same 

density ratio.    Therefore,  they concluded that the observed variation in 

supersonic flow must have come from the compressibility effect.    It was 



noticed that most of the density variation occurs in the supersonic 

region of the TFML,   flow field above the dividing streamline,   and 

remains relatively constant in the subsonic region.    Considering the 

foregoing density distribution and assuming a universal velocity profile, 

the momentum balance across the dividing streamline will yield the re- 

lation that the variation in spreading rate of the adiabatic supersonic 

TFML can be reasonably approximated with the density ratio relation 

established by Alber. Alber showed that the mixing layer spreading 

rate is proportional to the density ratio and the momentum thickness 

growth rate is proportional to the square of the density ratio. 

Shear stress distributions plotted against the velocity ratio in 

the self similar TFM.L,   computed from the mean flow data using the 
(4) 

method described by Fernandez/     were found to be identical to the other 

mixing layer type of flow (for example,   see Ref.  4) so that the figure is 

not presented.    The peak value of the turbulent shear stress occurred 

slightly above the dividing streamline n-ar u/u   s: 0.62.    For the truly 

asymptotic TFML,  the locations of maximum shear stress and dividing 

streamline should coincide.    The discrepancy is attributable to the presence 

of finite initial boundary layer.    The peak shear stress,   normalized by 

twice the freestream dynamic pressure and entrainment rate (T        /X   P U   ), 7 r '  max   e re  e 

was approximately 0. 385 and was constant with streamwise station.    This 

value is slightly higher than the incompressible value of Liepmann and 

Lauferv     (a; 0.34).    However,   since \  (M) decreases with an increasing 

2 
Mach number,  the normalized shear stress,   T /p u   ,   decreases with max re e 

2 
increasing Mach number.    For example,   T /p U    of the present inves- 

(8) 
tigation was approximately 0.0028 whereas the incompressible value 

was approximately 0.012. 

MM 



Comparison of significant properties between the incompressible 

and the supersonic mixing layers of the present investigation is listed in 

Table 1. 

Comparison of Supersonic TFML and TWML 

Uniform injection of mass into turbulent boundary layer (TBL) 

creates a flow pattern which develops from the boundary layer to the 

mixing layer type.    Supersonic experiments of this type was undertaken 

(4) by Fernandez,      who found that a flow field similar to the mixing layer 

can be create J when the uniform injection rate approached X    =0. 035, the 

value comparable to the incompressible TFML with zero pressure gradient. 

Scaling the velocity profiles with Howarth-Dorodnitsyn trans for naation 

(y rj /-*— dy),   Fernandez has demonstrated that the velocity profiles of 
^e 

supersonic flow with various blowing rates can be reduced to match with 

the subsonic velocity profiles of respective blowing rates.    Fernandez 

terminated the experiments when the blowing rate reached the value of 

0. 029.    For this blowing rate,  the transformed velocity profile matched 

well with the incompressible TFML of Liepmann and Laufer/  '   It was 

then concluded that the upper limit of the entrainment rate of supersonic 

turbulent mixing layer is equal to the incompressible value,   X    = 0.035. 

Then it follows that the growth rate of momentum thickness in the similar 

turbulent mixing layer is independent of M«?ch number (0 is invariant under 

Howarth-Dorodnitsyn Transformation). 

The present investigation,   conducted in the same wind tunnel used 

by Fernandez,  produced the results contrary to the case observed by 

Fernandez.    It must be noted that the primary difference between the mixing 

layer flows investigated by Fernandez and the present author was that the 

flow field of the former investigation was always bounded by the wall, 

whereas the latter was completely unbounded.    Therefore,  the mixing 

9 



layer flow created by massive injection into the TBL is classified in 

the present text as the turbulent wall mixing layer (TWML) in order to 

distinguish it from the turbulent free mixing layer (TFML) flow of the 

present investigation. 

The mass entrainment characteristics of TWML can be investi- 

gated by reanalyzing the velocity profiles of various injection rates in 

the physical coordinate system.    The common reference point was 

selected at u/u    = 0.6,   near the dividing streamline,  instead of the wall. 

Fernandez' data replotted in this manner revealed that the velocity pro- 

file could be divided into two distinct region,  i.e.,   above and below the 

dividing streamline as shown in Fig.   7.      The dividing streamline was 

defined near the sonic point by mass balance.    The velocity profile in 

the supersonic layer above the dividing streamline appeared to have 

developed into the shape,  which is identical to the TFML,   with blowing 

rate as low as 0.01.    The external profiles remained nearly unchanged 

with further increase in the blowing rate.    The forced mass entrainment 

was confined to the subsonic region between the dividing streamline and 

the wall.    The thickening in the subsonic region was found to be directly 

proportional to the injection rate and appeared to be an exact inverse of 

the contraction of the y-coordinate by the Howarth-Dorodnitsyn transfor- 

mation.    Therefore,  the TWML is found capable of entraining more mass 

than the fully developed TFML. 

The forced mixing layer experiment in supersonic flow using the 

20    backward sloping ramp was performed by Collins. In order to 

achieve a straight mixing layer with zero pressure gradient,   the injection 

rate of 0.0176 was needed for a model with the streamline block.    Once 

again,  the velocity profile in the supersonic layer matched with the one 

10 



of the TFML but the subsonic region below the dividing streamline was 

appreciably altered.    In fact, the integration of mass flux confirmed 

that the difference in mass entrainments between TWML and TFML can 

be accounted for in the tail profile.    So far no turbulent mixing layer with 

forced entrainment large enough to alter the flow pattern in the supersonic 

side of velocity profile has been observed.    It is uncertain at this time 

if the dividing streamline will always remain on or below the sonic point 

and if the supersonic layer profile of TWML will ever be altered appre- 

ciably. 

Turbulent Field Data 

Thf present investigation revealed that at least the following three 

conditions must be satisfied before the supersonic turbulent mixing layer 

can be classified as the fully developed asymptotic form:   1) constancy 

of spreading rate with streamwise distance; 2) turbulent spectra of broad- 

band character with no peak signal; and 3) constancy of total turbulence 

energy level.    Requirement of the second criteria will be discussed later. 

The self-similarity of the turbulence field was established by the 

turbulent spectral surveys made at several stations along the constant 

velocity ray.    The frequency and the spectral intensity were normalized 

by the mean flow quantity,   U./9.    Velocity fluctuation spectra measured 

nearly along the dividing streamline are shown in Fig.  8.    The normalized 

spectral distributions falling onto a single curve assured the self-similarity 

of the turbulent field.    Since the measurements were taken along the constant 

velocity raty and the momentum thickness was found to grow linearly, 

the spectral normalization with the local momentum thickness also implied 

that the integral scale of turbulence was also a linear function of streamwise 

11 



distance.   Spectral distribution was observed to be a broad-band type 

with no discernible peak.   Streamwise constancy of turbulent intensity 

was also established after it was corrected for the instrumentation re- 

sponse.    Thus, the turbulence field was found to be fully developed and 

self similar beyond the longitudinal station,  x/9    ^ 375. 

Velocity fluctuation spectra taken laterally across the core of the 

mixing layer reduced to a single curve when they were normalized with 

the local velocities as shown in Fig.   9.    This implied that the character- 

istic frequency across the mixing layer is inversely proportional to the 
_2 

local mean velocity,  uT .    The spectra was flat up to f9/uT   2; 2 x 10      and 

accompanied with the initial decay inversely proportional to frequency. 

-5/3 The final decay at higher frequencies appears to follow f .    In order 

to compare the present results with the incompressible turbulent spectra, 

the frequency and intensity coordinates were renormalized with the width 

of mixing layer determined by the slope-intercept method as suggested 

(12) by Batt et a.1. The new scale is shown below the original one.    The 

incompressible spectra of Batt at al.  fall onto the present data.    Excel- 

lent agreement of the low frequency range of spectra is observed and the 

energy carrying component matched near the Strouhal number ^irfb/u, ) 

of unity.    The high frequency components of incompressible data fall 

off with -2 power,   but it was also reported by other investigators that 

the incompressible spectra also decay with -5/3 power.    Considering 

the difficulty encountered in the hot-wire survey in the supersonic turbu- 

lence, the turbulence spectra of supersonic and incompressible TFML 

may be considered qualitatively identical. 

The RMS intensities of streamwise velocity and static temperature 

fluctuation distributions,  normalized with the respective local flow proper- 

ties,  are shown in Fig.  10.   Scattering of data is inevitable in this type of 
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experiment, thus the confidence level of the computed data is somewhat 

reduced when compared with the mean flow measurements.    However, 

ensemble of many data points established a certain trend of physical 

measurements associated with the flow field of realizable turbulence. 

The maximum RMS intensity of streamwise velocitu fluctuation (/u'^/u, ) 

was found to be approximately 8 to 9^ of local mean velocity and occurred 

near the maximum gradient of velocity profile.    The absolute maximum 

RMS fluctuation of approximately 5 to 6^ of freestream velocity {/u1   /u ) 

was observed near y/5 = 1.5 and shown as the shaded band of curve.    The 

corresponding peak values in incompressible flow reported by various 

investigators lie between 16 to 20^ of u  .    Based on these values,  the 

maximum intensity of RMS velocity fluctuation of supersonic TFML is 

approximately one-third of the subsonic TFML.    This finding may offer 

a partial explanation for the obser red reduction in the supersonic TFML 

growth rate.    It is expected that inr- general relationship between the re- 

maining velocity fluctuation components (RMS of v' and w') in the super- 

sonic TFML should not be greatly different from that observed in the 

subsonic TFML,    Thus it is speculated that the relative kinetic energy 

of velocity fluctuau.in at M = 2. 5 is also expected to be lower than the 

incompressible value. 

The static temperature fluctuation profile normalized with the 

local mean static temperature peaked in the supersonic side of the layer 

near the point of the maximum gradient of mean static temperature 

(y/9 ^ 3).    The peak RMS temperature fluctuation is approximately 8. 5^ 

of TT   as shown in Fig.   10b.    The plateau near y/0 ^ -2 is speculated to 

be produced by the difference in the turbulent transport mechanisms be- 

tween the momentum fluctuation and the thermal fluctuation.    Although 
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the exact nature of observed phenomenon was unknown,  it appeared 
I 

repeatedly to indicate that this was a physically observable phenomenon. 

Under the assumption of negligible pressure fluctuation compared with 

the vorticity and entropy fluctuations within thf* highly turbulent shear 

layer,  the temperature fluctuation is precisely a negative of the density 

fluctuation (T'/T.   = -p'/p, ),  but RMS fluctuation of density and te^r»- 
_ 

perature are the same (/T^/T.   = /p^/p. ). 

The streamwise velocity and static temperature fluctuation were 

found highly anti-correlated at the freestream edge of the TFML 

(R—=-, 5 -0. 7).    The correlation function approached to zero (uncorrelated) 
U 

as the dividing streamline was approached from the high speed mixing layer 

edge and becamo positive in the subsonic layer.    Relatively high corre- 

lation (R    ,_, | s 0. 7) was observed near y/Qs: -2. u l 

L. The combined intensity of all fluctuating modes of supersonic TFML 

were found large but an appreciable amount of energy appeared to have 

dissipated into thermal energy as observed in the high temperature fluctu- 

ation profile.    Therefore,  it is speculated that the vorticity mod'   of flue- 
■ 

tuation which mainly contributes to the growing of the turbulent field is 

left with relatively low kinetic energy.    The observed phenomena may 
■ ■ 

: 
supply a clue to the decreasing trend of the spreading rate associated 

with the supersonic TFML. 

Convection velocity of the turbulent field was determined by the 

measurement of space-time correlation of two hot-wire signals along the 

ray of constant u/u .   The definition of convection velocity adopted by e 

Wills^13^ was given as u    = dx/dr at the point where (dR/dx) _   0    += 0. 

This point can be determined by finding the tangency point of crosscorre- 

lation functions with their envelope in the R-T plot.   The convection 
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velocities of broad band turbulence across the TFML were compared 

with the mean velocity and shown in Fig.   lla.    The turbulence convection 

velocity above the dividing streamline was found to be smaller than the 

mean velocity and below the dividing streamline larger than the mean 

velocity.    Both the turbulent convection and the mean velocities were 

identical near the dividing streamline,   where the turbulence production 

(13) term was maximum.    The subsonic data obtained by Willsx       and Brad- 

(14) shaw*       in the a»symmetric jet mixing layer showed the identical rela- 

tion with the mean velocity as the present results.   Subsonic 2-D mixing 

(15) layer results obtained by Wygnanski and Fiedler1    ' showed the consistently 

lower convection velocity throughout the TFML. 

The convection velocities of selected frequency components of 
I 

turbulence at u/u   a 0. 90 (maximum unresolved turbulence signal), 
L 

u/u   as 0,61 (near the dividing streamline) and u/u   ^ 0.25 were measured e e 

by application of two Hewlett-Packard Wave Analyzers as narrow-bandpass 

fiJ.ers before the two signals were correlated and the results are shown 
| 

in Fig.  lib.    At point A (u/u   ^ 0. 90),  the convectf.oii velocity was lower e 

for low frequency components and monotonically increases with frequency. 

The mean convection velocity at this lateral position was approximately 
w 

0, 80 u ,  and the energy carrying turbulent components were concentrated e 

near the frequency domain of 7.5K to 100 KHz,    The unresolved power 

spectral distribution in this frequency domain appeared to decay proper- 
i 

tional to f    ,    At point B (u/u   2:0.61),   all frequency components of e 
i 

turbulence were convecting with the same speed.    Convection velocities 

of the turbulence components below the dividing streamline decreased 

with frequency.    Note that large scale turbulence of TFML appeared to 
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be convecting with relatively constant speed of the dividing streamline 

across the layer.    Jones,  et al.     ' also observed     qualitatively the 

same results in the incompressible two stream mixing layer.    This 

observation suggests that the small scale turbulence adjusts to the local 

environment faster than the large scale eddies as the turbulence field 

convects downstream. 

The present and Wills' results indicate that the switching point 

of the relative velocity occurred very close to the dividing streamline 

of TFML.    In fact, the results suggest that the lar^e-scale turbulence 

is created in the vicinity of the dividing streamlin'. by the maximum 

shear stress and maximum velocity gradient.    The production rate, 

T ■5—,   determined from the mean flow values peaks at u/u    2: 0. 55 ~ 0. 60. ay r e 

Two Dimensionality of TFML 

The self-similar, two-dimensional TFML criteria were satisfied 

in the section of the mean flow.   In addition,  two-dimensionality of turbu- 

lent field was also assured by the measurements of crosscorrelations in 

the spanwise displacements of two hot-wire probes.    The measurements 

were taken near the point in the mixing layer where the maximum unre- 

solved turbulent signal was detected.    Unresolved space-time correlations 

are shown in Fig.   12.    The delay-time at the   peak correlation function 

did not shift with Az.    The distributions of correlation of the spanwise 

separation were enveloped within the skirt of autocorrelation function 

and very little distortion of the flow pattern was observed.    These two 

facts confirmed that the turbulent flow field of this investigation was 

perfectly two dimensional. 

Development of Turbulence Structure of TFML 

When hot-wire surveys were conducted with an operating condition 

of p    = 610 mm Hg,  a peaking of signal near frequency of 5 KHz appeared 
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in the turbulence spectra taken in the TFML,    The cause of this peculi- 

arity v^as traced to the upstream conditions,   laminar-turbulent transi- 

tional boundary layer instability or some Reynolds number dependent 

disturbance in the boundary layer,   which influenced the downstream 

flow.    In order to observe the development of turbulence structure, the 

response of turbulent spectra to the total pressure variation was investi- 

gated in the TFML.    Since all other operating conditions remained un- 

changed, the total pressure variation implied the direct Reynolds number 

variation.    The unresolved turbulent energy spectra were normalized 

with the integrated quantity. 

The boundary layer was tripped with a strip of fine grain sand- 

paper.    The spectra taken with p    = 500 mm Hg are shown in Fig.   13a. 

The spectra were accompanied by pronounced peaking near f = 5 KHz 

(peak shift is due to Xp-normalization),  which signifies the passage of 

high energy carrying organized eddies in the preferred frequency range. 

No significant development of medium to small scale turbulence was 

-5/3 noted (oddly,   it followed the f "      law immediately following the peak). 

The presence of large scale periodic motion was also detected by auto- 

correlation measurements.    The intensity of integrated spectra decreased 

with the axial distance. 

The spectra taken with p =610 mm Hg are shown in Fig. 13b. 

Peaking of spectra near 6 KHz persisted but considerable development 

of higher frequency energy carrying component was also observed. This 

observation implies that this flow condition is the followup stage of the 

previous flow field. The agreement of the data beyond x = 4. 75 is ex- 

cellent, indicating that the high frequency components develop as in a 

self-similar flow.    The passage of large scale wave-like motion, which 
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was less pronounced in intensity compared to the previous condition, 

was also detected by autocorrelation measurements. Tlie integrated 

intensities were found relatively constant with X. 

When the total pressure was increased LO p    = 900 mm Hg, the 

previously observed peak vanished completely and the broad band spectra 

of turbulence was obtained as chown in   Fig.   13c.    The high frequency 

components of this spectra distribution was found identical to the spectra 

taken with p    = 610 mm Hg.   No organized wave-like motion was detected 

by the autocorrelation measurement. 

The operation of the tunnel was restored to the total pressure 

of one atmosphere (p    = 735 mm Hg) and the boundary layer trip wa» 

replaced with a strip of coarse grain sandpaper.    With these combined 

operating conditions,  the signal peaking was eliminated and the entire 

spectra were found to be identical with the data taken with p    = 900 mm Hg. 

Self-similarity of the turbulence field was evident in these measurements. 

Disappearance of spectral peaks with the increase in Reynolds 

number and the roughness of the boundary layer trip indicates that the 

structure of fully developed supersonic TFML consists of a randomly 

fluctuating field with no large scale wave motion in a preferred frequency 

range.    On the other hand.  Brown and Roshko    ' visually observed the 

existence of quasi-periodic large scale motion in the incompressible 

TFML,  which indicates a marked difference between subsonic and super- 

Sonic turbulent mixing layers. 

Conclusions 

The present investigation revealed that Ihe turbulent free mixing 

laye: was found to be strongly dependent upon the compressibility of the 

supersonic flow.     The supersonic TFML was found to possess the 
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characteristics similar to the incompressible TFML but their magnitudes 

were considerably lower than the incompressible values.   Similarities 

of the turbulent properties between the supersonic and the incompressible 

flows were:   (1) the mean velocity profile that suggests the existence 

of a universal velocity profile,   (2) the convection velocity distribution 

and its frequency dependence,   (3) the normalized spectral density 

distribution of the streamwise velocity fluctuation,   (4) the linear growth 

of the mixing layer with axial distance and (5) the equality of entrainment 

rate and growth rate of momentum thickness.    Within the experimental 

2 
accuracy,   T /X p U    may be considered constant with the value which 

XXICLJC      6    6    6 

lies between 0, 34 and 0. 385.    Decreasing trends of the magnitudes with 

increasing supersonic Mach number were observed (1) in the spreading 

rate and the growth rate of momentum thickness,   (2) in the RMS intensity 

2 
of velocity fluctuations and (3) in the normalized shear stress,   T /p u   , max    e e 

Observations suggest that the turbulence is created near the dividing 

streamline where the production term is maximum.    Small scale * urbu- 

lence adjusts quickly to the new local environments but the large scale 

eddies throughout the layer convect with the velocity of the dividing 

streamline. 

It was found that the wall bounded mixing layer,   created by the 

massive injection into the turbulent boundary layer,   can entrain more 

mass than the free mixing layer created by the natural process.    The 

thickening of the TWML below the dividing streamline is proportional 

to the injection rate. 
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Table I 

Comparison Between Incomprer?dible 
and Supersonic Two-Dimensional 

Turbulent Free Mixing Layer Properties 

Incompressible* ' Supersonic 
(M = 2.47) 

dy/dx 
(.10 s:u/ue s .90) 0.016 0.064 

d9/dx = Xe 0.035 0. 0073 

0 12 27-29 

Tmax/XePeUe2 0.34 0.385 

T            /p   UZ 

max re  e 
0.012 0.0028 

P   /p rw  re 
1.0 0.45 

/u|2/u '            e  max 0.16 ~0. 18 0.05 ~0. 06 
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